In humans, functional magnetic resonance imaging (fMRI) activity in the anterior cingulate 26 cortex (ACC) and the nucleus accumbens (NAc) appears to reflect affective and motivational 27 aspects of pain. The responses of this reward-aversion circuit to relief of pain, however, have 28 not been investigated in detail. Moreover, it is not clear whether brain processing of the 29 affective qualities of pain in animals parallels the mechanisms observed in humans. Here, we 30 analyzed fMRI BOLD activity separately in response to an onset (aversion) and offset (reward) of 31 a noxious heat stimulus to a dorsal part of a limb in both humans and rats. We show that pain 32 onset results in negative activity change in the NAc and pain offset produces positive activity 33 change in the ACC and NAc. These changes were analogous in humans and rats, suggesting that 34 translational studies of brain circuits modulated by pain are plausible and may offer an 35 opportunity for mechanistic investigation of pain and pain relief.
INTRODUCTION

38
Substantial progress in our understanding of pain perception, processing and modulation in the 39 brain has been achieved using neuroimaging techniques in humans. Pain is multidimensional 40 with sensory, affective and motivational aspects that are processed in part by separate regions 41 of the brain. Thus, the thalamus, primary and secondary sensory cortex and posterior insular 42 cortex have consistently been implicated in sensory-discriminative processing (Bingel et al. 43 2004; Peyron et al. 1999) , while the anterior cingulate cortex (ACC), anterior insula and 44 prefrontal cortex are thought to be relevant to the cognitive-affective modulation of pain 45 (Apkarian et al. 2005; Rainville et al. 1997) . The mesolimbic reward circuit comprising 46 projections from the midbrain ventral tegmental area to the nucleus accumbens (NAc) plays an important role in motivational aspects of pain (Geha et al. 2008; Oluigbo et al. 2012; Scott et al. 48 2006) . A functional link between the NAc and the ACC in reward processing has been reported 49 (Albrechet-Souza et al. 2012; Parkinson et al. 2000; Wacker et al. 2009 ) supporting the 50 possibility that activity in these brain regions could reflect affective and motivational aspects of 51 pain.
53
In contrast to human studies, investigations of the affective-motivational dimension of pain in 54 animals, for example analyses of motivated behaviors and animal brain neuroimaging, have 55 been scarce. Animal investigations may allow mechanistic studies that are not feasible in 56 humans, including exploration of brain circuits relevant to pain as well as their modulation by 57 analgesic treatments and drug side-effects. Whether affective processing of pain in animals 58 could be analogous to the complex and unique human pain experience is not known. Increased 59 cortical complexity in higher species is obvious and the limitations of animal models in studying 60 affective components of pain must be acknowledged. Nevertheless, the basic homeostatic and 61 reward brain circuits underlying motivated behavior are fundamental to survival and appear to 62 be highly conserved between humans and rats (Craig 2003; Murray et al. 2011) . Moreover, the 63 imaging studies evaluating pain processing in rodents have produced remarkably consistent 64 results and confirmed activation of the same brain regions commonly activated in human placed in a box with speakers playing recorded scanner noises for 1 hour, rats were awake 134 during the whole procedure. This procedure was repeated for 3 consecutive days. On the 135 fourth day, the animals were scanned. For the imaging session, rats were briefly anesthetized 136 with 2% isoflurane and secured on head-and-body holders. They were left to wake up for 30 137 minutes before the imaging session begun.
139
Heat Stimulation: A home-made small hollow copper block was positioned below the rat dorsum 
171
Statistical results were grouped using a fixed-effects approach. For statistical inference, 172 statistical maps for onset and offset were thresholded using mixture-modeling approach 173 (implemented in our lab) that accounts for multiple comparisons as well as for potential 
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No human scans were eliminated due to excessive motion artifacts. Two of the 12 rats were 186 excluded as a result of movements during the scan (>0.5mm).
188
Humans
189
Group results for onset/offset activations in the anterior cingulate cortex in humans revealed no 190 significant changes at the onset of the painful stimulus and significant activation was observed 191 at the pain offset (pain relief) (Figure 2 and Table 1 ). In the nucleus accumbens the onset of the 192 painful stimulus resulted in significant deactivation (negative change) of the fMRI signal while 193 significant activation was observed to the onset of pain (Figure 2 and Table 1 ).
195
Rats
196
We have reported on a separate study brain activations to noxious heat in rats (Becerra et al.
197
2011b). We observed activity in sensory-discriminative, affective-emotional, descending, and 198 autonomic pathways. Here, similar to humans, we did not observe any significant change in the 199 activity of the ACC in rats at stimulus onset, however, the offset of a noxious thermal stimulus 200 increased activation in the anterior cingulate/motor area. In the NAc, the onset of the noxious 201 stimulus resulted in a decrease in fMRI signal response, which was most prominent in the core 202 of the structure (Figure 2 and Table 1) . Deactivation was also observed in cortical (sensory) and In the current BOLD fMRI study we observed analogous brain activity changes to aversive (pain 210 onset) and rewarding (pain offset) thermal stimuli in rats and humans. Specifically, we detected 211 increased activation of the ACC at stimulus offset in both species. In the NAc we observed 274 pain relief (Navratilova et al. 2013 ) and placebo responses (Geuter et al. 2013) . Differences in 275 ACC in rats and humans include the presence of von Economo neurons in the human brain and 276 other higher species (apes, whales) but not in rodents (Allman et al. 2011; Butti et al. 2009 ).
277
Because of these specialized neuronal populations, potential differences in interpretation of 278 awareness may be salient. Complex behaviors such learning, context or interoceptive responses 279 to aversive stimuli (Freeman et al. 1996; Seymour et al. 2005 ) that include discrimination of 1980; Powell and Leman 1976; Roberts et al. 2007) . In rats, the anatomical location and 286 segregation of the NAc into the core and shell is well defined (Paxinos 2004), but the structure is 287 less well demarcated in humans (Cauda et al. 2011) . In man, the NAc is located at the 288 conjunction between the head of the caudate and the anterior portion of the putamen, laterally 289 to the septum pellucidum (Groenewegen et al. 1999; Heimer et al. 1991) . Together with the 290 olfactory tubercle, the NAc forms the ventral striatum. In a prior evaluation of noxious heat 291 activation in the NAc, based on the anatomical and potential functional differences in the core 292 and shell, we suggested that these two sub-regions might differentially participated in aversion 293 and reward (Aharon et al. 2006 ). Here we observe activation changes to the onset and offset of 294 an aversive heat stimulus in the NAc core of the rat. Parallel activation in the human is located 295 within what we may thus assume to be the core based on these functional results. Importantly,
296
we observed analogous valence change in the NAc to the aversive (pain onset) and rewarding 297 (pain offset) stimulus in both humans and rats. Thus, NAc activity in response to aversion and 298 reward is conserved between species.
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Conclusions
302
In conclusion this study investigated fMRI BOLD responses in the mesocorticolimbic circuit in 303 response to onset and offset of an acute noxious thermal stimuli in parallel in humans and rats. the onset and offset of pain suggesting a pivotal role of these brain regions in affective and 306 motivational processing of the hedonic value of pain and pain relief. Changes observed in 307 humans were replicated in rats. Thus the basic brain circuitry for processing pain aversiveness 
